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Radiation Damage of Plastic Scintillators 

A. D. Brass and A. Pla-Dalmau 
Fermi National Accelerator Laboratory’ 

Abstract 

Radiation damage studies were performed on polyatyrenc 
baaed plastic scintillatom which contained pterphenyl plus 
either BBQ, IHF, or dimethyl-POPOP as dopants. Several 
identical sample sets were prepared to observe, in differ- 
ent experiments, the effects of dose rate (1 Mrad/h vs. 30 
Krad/h) and environment (Ns vs. AI vs. HI). Transmit- 
tance and light yield measurements performed before ix- 
radiation, after irradiation, and after an oxygen annealing 
period showed no significant differences in the radiation 
susceptibility of the scintillators under the different ex- 
perimental conditions. Two additional multi-component 
sample sets ne*e also prepared; one net *aa made using 
pure dopants and the other made ntiliziig pure dopants 
which had previously been exposed to large doses of p 
radiation. No difference in either transmittance or light 
yield was observed between the two sample sets. Simul- 
taneously, radiation damage studio were carried out on 
pure polystyrene samples. Special emphasis was put on 
irradiations in oxygen and on the oxygen annealing pry 
ens. These experiments indicated that: (a) Irradiationsin 
which oxygen in continnously available throughout the bulk 
of the the polystyrene sample are the most damaging; (b) 
During the oxygen annealing process, the annealing rate is 
proportional to the Oxygen diffusion rate; and (c) Oxygen 
resets with free ndicals in the sample, contributing to an 
increase in permanent radiation-induced absorption. 

1 Introduction 

Plastic scintillation detectors are currently among the most 
widely used particle detection devices in nuclear and high 
energy particle physics. Their fast response time makes 
them particularly attractive for instrumentation for ex- 
periments in high luminosity hadron colliders. In addition, 
their relatively low cost and ease of manufaetnre faeilitatea 
their use in numerons detector geometries. In fact, their 
ntiliration in future experiments may only be limited by 
their resistance to radiation damage. The results reported 
here are part of an ongoing project within the Fermilab 
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Particle Detector Group and within the Solenoidal Detec- 
tor Collaboration that focuses on the investigation and de- 
velopment of radiation resistant plastic scintillaton. 

Various studies have shown that the light yield in plsb 
tic scintiLlaton deereasea as their integrated expoenre to 
ionizing radiation increases [l, 2, 3, 41. This effect could 
be caused by either polymer or dopant degradation. Fur- 
ther research hss indicated that most of the commonly 
used dopants do not degrade under irradiation, but that 
the polymer does [5, 6, 71. Moreover, the radiation- 
induced damage in the polymer is more significant in the 
blue/violet spectral region where most standard plastic 
scintillators emit. In other words, the light emitted by the 
dopants ia partially being reabsorbed by the polymer. One 
approach to reduce such light output losses is to use flucc 
rcscent compounds which emit in the green/yellow region 
of the visible spectrum where changea in polymer trane 
mittance after irradiation are small [g, 9, lo]. Other possi- 
bilities for reduction of these losses include improvement of 
the polymer radiation resistance using additives to stabi- 
lise the materiel, or the utiliastion of new polymers other 
than polystyrene and polyvinyltoluene [ll]. 

This study aims to understand the degradation and an- 
nealing mechanisms in polystyrene in order to account 
for the losses in transmittance snd light yield observed 
in polystyrencbased plastic scintillators. 

2 Preparation of Scintillators 

The fluorescent organic compounds utilisd in this 
study used pterphcnyl (pT) ILS the primary dopant 
and either ‘IH-bensimidaso[2,1-a]benx[de]isoquinoline-I’- 
one (BBQ), 3-hydroxyfiavone (3HF), ox 1,4-bis(4methyl- 
5-phenylm01-z-yi)benlene (DMPOPOP) M the SW- 
ondary dopant or wavelength shifter. The concentration 
of the dopants was of 1.25% by weight for pT, and 0.01% 
by weight for the wavelength shifters. pT waa purchased 
from Bieron Corp. and used without further purification. 
The secondary dopants were available from Aldrich Chem. 
Co. 3HF and DMPOPOP were purified by recrystallks- 
tion fkoom methylene chloride and hexanc, while BBQ was 
purified by column chromatography through neutral du- 
mina. After purification, some of each dopant was placed 



in glass vials. Two sets were thus prepared. One set was 
irradiated to a total dose of 10 Mmd and the other to 100 
Mrad, both at a rate of 1 Mrad/h. Plastic s&till&x sun- 
ples were made in the manner described below using both 
irradiated and non-indiated dopants. 

Styrene wm first deinbibited through a column and then 
pnriAed by vacnnm distillation. The glass polymelisation 
tubes were cleaned with nitric and sulfuric acids, rinsed 
with distilled water, and treated for about 4 h with a 
30% solution of dimethyldichlorosilae in chloroform. Fi- 
nally, they were rinsed in turn with chloroform, methanol, 
and distilled water. This treatment builds a hydrophobic 
Langmuir layer on the walls of the tube which enables the 
removd of the plastic after polymerisation. Styrene and 
the dopants were then placed in the test tubes and de- 
gassed with repeated !&se-pnmpthaw cycles. The solu- 
tions were polymeriscd in a silicone oil bath at llO°C-24h, 
125’C-4.3h, 140”012h and then ramped down to 90°C at 
a rate of lOOC/h. After removal from the oil bath, the test 
tubes were quenched in liquid nitrogen for a fast release of 
the plastic rods. The rods were then cut and polished into 
discs of 2.2 cm diameter and 1 cm thick. 

yield measurements are shown in Figure 1. Hen we show 
the relative light yield of a sample made with irradiated 
dopants to an identical sample made with non-irradiated 
dopants. The sero dose to dopants data is, by definition, 
always equal to one. These data indicate that the sdn- 
tillator samples fabricated using dopants that had been 
previously irradiated make acintillators of the same qual- 
ity M those made with non-irradiated dopants. Among 
these scintillators, no dgnificant difference in light output 
can be observed either before or after irradiation of the 
plastic acintillatox sample. None of the dopants used in 
this study shows significant changes after even 100 Mrad 
dcaes; which is in agreement with previonr ruuits. 
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The samples for radiation damage studies were placed 
in stainless steel cans and then evacuated for a week to 
mmve all moiaturc &am the samples. The cans were then 
back-filled with either nitrogen, hydrogen, oxygen, or ar- 
gon. AU samples were irradiated using (L “‘Co sonrcc at the 
Nuclear Reactor Laboratory of the University of Michigan, 
at a rate of either 1 Mrad/h (high dose rate) or 30 &ad/h 
(low dose rate) to 8 total dose of 10 Mrad. During the ir- 
mdiation, the sample temperature did not change by more 
than 5 OC. After irradiation, the samples were annealed for 
two weeks at either room temperature in an oxygen atmw 
sphere or 92 W in a nitrogen atmosphere. The annealing 
process refers to the alow disappearance of the radiation- 
induced color in the samples. 

LlO3E (Mrul) RECEIVED BY DOPANIS 

Transmittance and fluorescence spectra were recorded 
with a Hewlett-P&d model 84SlA diode array spn- 
trophotometer. For all absorbance/trrmsmittancc H,C(L- 
surements, pure polystyrene waa used as the reference. 
The fluorescence spectra were measnred using a~ the UC& 
tation source the 254nm or 313-nm line from a mercury 
lamp. Light output measnrements were taken using a lo7Bi 
beta source and a Hamamatsu R&39 photomultiplier tube 
(PMT) as the photodetector. The scintillator dises were 
placed directly on the PMT using immersion oil for opti- 
cal contact. The pulse height spectra were recorded with 
a L&my qVt multi-channel analyzer. The samplea were 
measured bdore irradiation, immediately after irradiation, 
and after the above mentioned annealing period. 

Fii 1. Relative light yield v&a for dntillator s11111- 
plea made of non-irradiated (0), irradiated to 10 Mrad 
(lo), and irradiated to 100 Mrad (100) dopants. Bottom: 
before irradiation. Top: after annealing process. 

3 Results and Discussion 

After irradiation in nitrogen, polystyrene-based plastic 
scintillators exhibit a large amount of absorption at long 
wavelengths. However, mncb of thin absorption ia transient 
in nature and will disappear with time. The remaining 
absorption bra been assigned to radiation-induced dam- 
age in the polystyrene matrix IS]. This damage results 
from reactions by free radicala in the polymer that acre 
formed during irradiation. For polystyrene, the free radi- 
cal most abundant at doses up to 10 Mrad is that formed 
by a-hydrogen abstraction in the polymer back-bone (121. 
Irradiations of pure and doped polystyrene sample. were 
carried out in hydrogen to obsene if an excess of hydrogen 
stoma would favor the recombination of the a-radical with 
hydrogen, thw eliminating its side reactions to yield dou- 
ble bonds and crosslinks. As Figure 2 shows, there is no im- 
provement in the radiation resistance of pure polystyrene 

. . . . . - 

Plastic scintillator samples made from irradiated and non- 
samples w’llcn uradiated in hydrogen and, in fact, at short 

irradiated dopants were exposed, in nitrogen, to a total 
wavelengths the hydrogen atmosphere maka the induced 

dose of 10 Mrad using a dose rate of 1 Mrad/h. The tight 
absorption worse. 

Figures 3-7 are representative of a radiation damage 
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Figure 2. Transmittance spectra after the annealing pre 
CMS for pure polystyrene irradiated (10 Mrad) in different 
gases. 
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Figure 3. Transmittance spectra for pun polystyrene 
irradiated in nitrogen to a total dose of 10 Mrad at 
a 1 Mrad/h dose rate. 
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Figure 4. Transmittance spectra for pure polystyrene 
irradiated in nitrogen to a total dose of 10 Mrad at 
a 30 Krad/h dose rate. 

Figure 5. Transmittance spectra for pure polystyrene 
irradiated in argon to a total dose of 10 Mrad at a 
30 Krad/h dose rate. 
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Figure 0. Transmittance spectra for pure polystyrene 
immediately after 10 Mrad irradiation. 

Figure 7. Transmittance spectra for pure polystyrene 
after the annealing period in oxygen. 



study carried out to observe dose rate effcck. Pure and 
doped polystyrcnc samples were irradiated to a total dose 
of 10 Mrad at either 1 &ad/h or 30 K&/h. These ir- 
radiations were performed both in nitrogen and in argon. 
Aa Figures 3-S indicate, in inert atmosphere, there arc no 
significant changes between high and low dose rates. These 
results confirm that the radiation-induced damage in plas- 
tic scintillaton is proportional to the amount of oxygen 
available in the sample during irradiation, since orygcn 
can react with some of the species formed under inadi- 
ation. Therefore irradiations in air will show dose rate 
effeck which ue not present in irradiations in nitrbgen 
or argon. Pure polystyrene sampled were irradiated at 1 
Wad/h to a tokl dose of 10 Mrad in air (STP), in oxygen 
at 2 atm. absolute, and in oxygen at 40 atm. abaolnte. 
High dose rate irradiations in air or in nitrogen only differ 
in the oxidation products formed in air at the sample IU- 
faces, since oxygen is conanmcd iaster than it am diEuse 
into the sample. However, if oxygen in present throughout 
the sample doring the irradiation, more oxidation products 
will be produced and these wilI decrease the Mmple trans- 
mittance. Figure 6 presents the transmittance data im- 
mediately aher irmdiation. At tint glance, the irradiation 
nndez 40 atm. of oxygen shows leas damage than the rest. 
However, the other samplea have not yet annealed. Once 
the samples have been annealed in oxygen and only the 
permanent damage ramins, we m that M the gas pres 
sore of orygcn ia increased (thereby increasing the oxygen 
concentration in the sample during irmdiation), the larger 
M its transmitknee 10s~~ (Figure 7). 

The annealing effect rcfen to the procan after irradi- 
ation by which moot of the radiation-induced coloration 
in the scintillator sample disappears. This mmcaling prc- 
cess cm be accelerated by either oxygen or heat. We have 
stndied the oxygen annealing process in dry air and nn- 
der pore oxygen (3 stm. and 22 attn.) by monitoring the 
disappearance of a radiation-induced fluorescent species in 
polystyrene. WC have observed, in cdl irradiations of pore 
polystyrene, the formation of an absorption band at 626 
nm, Figure 3. Exciting this speck with 500 nm light yields 
a floorescencc band between 520 and 600 nm [3]. When 
the lample is placed in an oxygen atmc+phcrc, howcvcr, 
diffosion of oxygen into the sample quenches tbia fluore+ 
cent speeia. Both the induced absorption band at 525 
nm and tJCs new green fluorcscencc band disappczu. This 
phenomenon starts at the stufacc of the sample and props 
gaks inward with an initial r&city of 1O-s mm/see in air. 
WC cm then excite the sample undo study with 500 nm 
light (313 nm light also udtn this species quite strongly) 
and then measure the dirtsnce from the sample cdgc to 
the receding fiooracencc volume aa a function ok time for 
the various annealing atmosphcrcs, Figure 8. In all cases, 
the anncalcd distance is proportional to the square mot 
of time (Figures S-11). In other words, the annealing L 
proportional to the oxygen diCsion mk. Thcsc nsnlts 
disagree with thoa presented previously by Harmon et d. 
[IS]. As Figures 9-11 indicate, the annealing process can 

Figuc 8. Flno -t from putidly umcmkd pnrc poly- 
styrene samples excited with 313 nm light. 
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Figorc 9. Annealing rate in air of a pure polystyrene 
#ample situ a 10 Mrad irradiation. 



200 
150 ,r’. 
100 I T k-J dl 
5;o/yyy”yy~;,,] 

50 100 150 200 
T>rn. mour,, 

Figure 10. Annealing rate in 3 atm. of oxygen of a pure 
polystyrene sample after a 10 Mrad irradiation. 
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Figure 11. Annealing rate in 22 atm. of oxygen of a pure 
polystyrene sample after a 10 Mred irradiation. 

he accelerated by placing the samples under oxygen prcs- 
mrc. However, the annealing rate is not directly propor- 
tional to the oxygen pressrue. This apparent discrepancy 
is likely caused by an oxygen solubility saturation effect in 
the sample. 

Since the oxygen and thermal annealing processa should 
undergo different mcchanirms, the tinal product should cx- 
hibit different characteristics. In the oxygen annealing pro- 
cess, oxygen will react with Ccc radic& yielding oxidation 
products which should not be prexnt in a thermally an- 
nealed sample. Two pure polystyrene samples have been 
irradiated in nitrogen to 10 Mead and annealed, one by 
oxygen and the other by heat. This cycle has been per- 
formed four consecutive times to a total dose of 40 Mrad. 
After the first irradiation, there were no significant changes 
in transmittance between the two samples. The changes 
became more acute with the s&sequent irradiations. After 
four cycles, the sample rcpcatedly annealed in oxygen ab. 
sorba more than that npcatcdly annealed by heat (Figure 
12). 
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Figure 12. Transmittance spectra for pure polystyrene 
after several annealing processes by either oxygen or 
heat. 

In order to study the lifetime of the radiation-induced 
transient absorption species in polystyrene, a sample was 
irradiated in nitrogen to 10 Mmd at high dose rate (1 
Mrad/h). After irradiation, the aample was kept under 
nitrogen. Seven months later, 8 transmittance measurt 
mat of this sample indicated no change from the spec- 
tram recorded immediately after irradiation. Thin tram- 
mittance spectrum (Figure 13) exhibits the a.mc cherac- 
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Figure 13. Transmittance spectrum for pure polystyrene 
kept in nitrogen for 7 months after its irradiation. 

teristics aa those spectra recorded for other samples irra- 
diated under similar conditions: a large absorption up to 
400-450 nm and a small band at 525 nm. The sample 
was then placed under argon. The transmittance of this 
sample was measnred again six weeks later. As shown in 
Figure 14, the transmittance spectrum has not changed. 
The annealing process at mom temperature for 1 cm thick 
samples kept in either nitrogen or argon is utremcly slow. 
In order to anneal e sample of this sisc in atmospherically 
inert conditions, the UK of heat t required to both add 
mobility to the polymer chains and to overcome the en- 



ergy barrier for the relaxation proccsses involved. Even 
at 90 OC, 1 cm thick sampler require up to two weeks to 
8UUClbl. 
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Figure 14. Transmittance spectrum for pure polystyrene 
kept in nitrogen for 7 months and then in argon for 6 
weeks after its irradiation. 

4 Conclusions 

In the systems studied (pT+BBQ, pT+SHF, and 
pT+DMPOPOP), the light yield losses observed in irra- 
diated samples are not due to dopant degradation, but 
to radiation-induced damage in the polystyrene matrix. 
The scintillator samplea fabricated from irradiated dopaots 
have the same light output IM those from non-irradiated 
dopants. While no significant dose rate effects arc observed 
in samples irradiated in inert atmosphere, pure polystyrene 
samples irradiated in air or oxygen at low doac rate will 
present larger transmittance losses than those irradiated 
at high dose rate. The oxygen annealing studies indicate 
that the annealing rate is proportional to the sqnarc root of 
time. Therefore this annealing proccsa is dependent upon 
oxygen diffnsion M expressed by the diffusion equation. 
The oxygen and thermal annealing studies show that ory- 
gen reacts with radical specics formed under irradiation aa 
it diffuses into the sample. These oxidation products con- 
tain carbonyl and hydrcuyl groupa wkieh absorb at longer 
wavelengths, thus decreasing the sample transmittance. A 
sample thermally annealed in nitrogen docs not have oxi- 
dation products. After several irradiations, the thennaRy- 
annealed sample transmits more light than the oxygen- 
mncakd one. 
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